Obstructive sleep apnea (OSA) has emerged as a major public health problem and increasing evidence indicates that untreated OSA can lead to the development of various cardiovascular disorders. One important mechanism by which OSA may promote cardiovascular diseases is intermittent hypoxia, in which patients are subjected to repeated episodes of brief oxygen desaturation in the blood, followed by reoxygenation. Such cycles of hypoxia/reoxygenation may result in the generation of reactive oxygen species. Some studies have demonstrated the presence of oxidative stress in OSA patients as well as in animals subjected to intermittent hypoxia. Further, modulations of nitric oxide and biothiol status might also play important roles in the pathogenesis of OSA-associated diseases. Reactive oxygen species and redox events are also involved in the regulation of signal transduction for oxygen-sensing mechanisms. This review summarizes currently available information on the evidence for and against the occurrence of oxidative stress in OSA and the role of reactive oxygen species in cardiovascular changes associated with OSA.
Introduction
Obstructive sleep apnea (OSA) syndrome is a condition characterized by the occurrence of repetitive episodes of partial or complete obstruction of airflow during sleep. Obstruction usually occurs in the upper airway, and may lead to decreased blood oxygenation and fragmentation of the sleep cycle. Obstructive apnea is defined as complete obstruction of airflow in the upper airway for at least 10 s with persistent effort to breathe [1] . The severity of OSA is measured by the apnea-hypopnea index, obtained by counting the total number of apneas and hypopneas during sleep and dividing that by the hours of sleep. Severity of symptoms increases as the number of respiratory events per hour of sleep increases. An apneahypopnea index lower than 5 per h is normal; 5-15 is mild, 15-30 is moderate, and greater than 30 is severe OSA. Common symptoms of OSA include loud snoring, breathing pauses observed by the bed partner, and feelings of nonrefreshing sleep and excessive daytime sleepiness.
OSA is a common disorder in the United States and other Western countries. Young et al. [2] reported, in a study of adults 30-60 years of age, that 24% of North American men and 9% of women had an apnea-hypopnea index greater than 5 events per hour of sleep. When the apneahypopnea index greater than 5 events per hour of sleep was combined with daytime symptoms of excessive sleepiness, the prevalence was found to be 4% in males and 2% in females.
Besides the obvious detrimental effect of sleep-disordered breathing, such as daytime sleepiness, deficits in cognitive performance, and mood and behavioral effects, OSA is also associated with an increased risk for cardiovascular diseases. OSA has been implicated in pathogenesis of various cardiovascular diseases including systemic hypertension, pulmonary hypertension, congestive cardiac failure, cardiac arrhythmias, atherosclerosis, ischemic heart disease, and stroke [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, the mechanisms by which OSA affects the cardiovascular system are largely unknown.
The currently available treatment for OSA is mostly limited to the application of continuous positive airway pressure (CPAP) [13] . Although it is effective in reducing daytime sleepiness, patients still experience some episodes of apnea while on CPAP treatment [13] . Further, many of the patients prescribed CPAP might choose not to continue their treatment due to inconvenience or intolerance [14] . Because of incomplete effectiveness and inconsistent use of CPAP, it is not yet clear whether this treatment will completely eliminate the long-term consequences of OSA on the cardiovascular system.
Mechanisms of OSA-induced biological changes may involve intermittent hypoxia, intermittent hypercapnea, intrathoracic pressure changes, sympathetic activation, and sleep fragmentation [15] . Among these, intermittent hypoxia is thought to be a major cause of cardiovascular alterations, which may occur in patients with OSA. OSA patients undergo repeated episodes of hypoxia (which can last for 10 s to as long as 2 min) and normoxia (2-3 min), which resemble ischemia/reperfusion events. During the hypoxic/ischemic phase, cells adapt to a low oxygen environment; however, the reoxygenation/reperfusion phase causes a sudden increase of oxygen in the cells. This reoxygenation/reperfusion phase is thought to result in the production of reactive oxygen species (ROS) and the promotion of oxidative stress [15] [16] [17] . ROS produced via the electron reduction of molecular oxygen (O 2 ) include superoxide
, and hydroxyl radical (•OH). These molecules can oxidize a variety of biological molecules including lipids, proteins, and DNA, and can alter biological functions. ROS can also serve as signal transduction mediators to elicit oxygensensing mechanisms as well as cell growth events, which play critical roles in cardiovascular diseases [18] . ROS production in OSA patients could also occur via inflammatory responses [19] , as well as increased sympathetic tone and elevated catecholamine-induced ROS production [20] .
Studies in OSA patients have been performed to test the hypothesis that oxidative stress occurs in association with intermittent hypoxia. Although earlier studies failed to validate this hypothesis, some recent experiments using higher numbers of OSA patients and improved methodologies have provided evidence for the induction of oxidative stress. Further, other redox regulating molecules such as nitric oxide and homo-cysteine are also altered in OSA patients. In this article, we review available literature on the studies of the levels of oxidative stress, nitric oxide, and biothiols in OSA patients as well as animal studies for the mechanisms of oxidative stress and oxygen sensing to provide information on the roles of redox biology in the development of cardiovascular diseases associated with OSA.
Evidence for oxidative stress in OSA patients
Oxidative stress markers in OSA ROS production results in oxidation of biological molecules, which in turn form oxidized products that have been used for assessing the occurrence of oxidative stress [21, 22] . Widely used markers include lipid peroxidation products, and oxidized protein and DNA. Susceptibility to in vitro addition of oxidants to biological samples has also been used to estimate the occurrence of oxidative stress. Since environmental, dietary, and genetic factors can influence the levels of oxidative stress in humans, large sample sizes, appropriate storage of samples (to avoid further oxidation), and the use of sensitive and reliable techniques are needed to accurately assess oxidative stress levels in a given condition. Earlier studies of OSA patients used small numbers of patients and control subjects, and used rather crude methods for the measurements of oxidative stress. Studies by Wali et al. [23] with small numbers of patients (6 patients who experienced severe OSA-related hypoxia, 9 OSA patients with low to moderate hypoxia, and 6 healthy subjects) detected no difference in susceptibility of isolated LDL to free radical-induced conjugated diene formation. They also measured glutathione peroxidase and catalase activities in red blood cells, and failed to detect any differences among the groups [23] . Ozturk et al. [24] , using red blood cells also from a small number of OSA patients (n = 6), failed to demonstrate changes in hydrogen peroxide-induced lipid peroxidation (as monitored by measuring malondialdehyde), red blood cell fragility (as an indicator of cell membrane oxidative stress), or total cellular thiol levels (as measured by Ellman's reagent in a colorimetric assay).
More recently, increased sample sizes and more sophisticated experimental designs allowed for observing differences in oxidative stress levels in OSA patients and control subjects. In contrast to the above-noted studies, reporting no differences in the susceptibility to lipid peroxidation in samples from OSA patients and control subjects, Christou et al. [25] assessed levels of diacron-reactive oxygen metabolites (D-ROM) in the blood of 21 OSA patients with apnea-hypopnea index greater than 5, compared with 5 controls. Diacron indicates the ability of transition metals to catalyze the formation of free radicals in the presence of peroxide, as monitored by oxidized alchilamine products. This study found that OSA patients had higher diacron-reactive oxygen metabolites.
Barcelo et al. [26] also reported that the lipid peroxidation profile is abnormal in OSA patients. Using LDL particles isolated from 14 patients with severe OSA (59 apnea/h) and 13 healthy subjects, they found that thiobarbituric acid-reactive substance (TBARS) formation was higher in OSA patients. CPAP treatment improved the abnormal lipid peroxidation events in OSA patients. In a study of 114 OSA patients, Lavie et al. [27] reported that morning levels of TBARS and peroxides were significantly higher in OSA patients, with or without cardiovascular disease, than in controls; and the CPAP treatment decreased nocturnal levels of TBARS and peroxides in OSA patients. Increased oxidized LDL levels are also detected in OSA patients [28] .
The cellular antioxidant defense mechanisms can be altered in response to oxidation and may serve as oxidative stress markers. Levels of small molecule antioxidants such as ascorbic acid, tocopherols, carotenoids, and flavonoids are often lower in diseases associated with oxidative stress. While comprehensive examinations of antioxidant levels in OSA have not been rigorously performed, one study by Christou et al. [29] assessed the antioxidant capacity in the blood of 14 patients with severe OSA (apnea/hypopnea index of N20) compared with controls using the Trolox Equivalent Antioxidant Capacity assay. This colorimetric assay is based on the scavenging of the 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) radical converting it into a colorless product. Similarly, patients with end-stage renal disease and OSA were found to have decreased total antioxidant status and increased coronary artery calcification compared to patients without OSA syndrome [30] . The results showed that patients with severe OSA had reduced antioxidant capacity. Taken together, results from studies described above indicate the occurrence of oxidative stress in systemic circulation of OSA patients.
A recent study by Yamauchi et al. [31] demonstrated that urinary 8-hydroxy-2′-deoxyguanosine excretion was significantly higher in patients with severe OSA (n = 58) compared with control subjects (n = 70), confirming the above studies providing evidence for the occurrence of oxidative stress in OSA patients.
It should be noted that whether oxidative stress occurs in OSA patients is still controversial since some of more recent studies failed to demonstrate increased lipid peroxidation in OSA patients [32, 33] . Svatikova et al. [32] suggested that conflicting results may be explained by the presence of comorbidities and/or medications in OSA patients, the absence of control subjects matched closely for body mass index (BMI) and obesity, the presence of undiagnosed OSA in control populations, and the timing of oxidative stress measurements.
Inflammation as a mechanism of ROS production in OSA Studies described above suggest the occurrence of oxidative stress in systemic circulation and airways of OSA patients. While the mechanisms of ROS production, such as the role of hypoxia/reoxygenation, still need to be defined, evidence suggests the role of inflammatory responses in ROS production in OSA patients. Immune cells are primary sources of ROS generation in inflammation. Therefore, measurements of the levels of ROS-generating immune cells in plasma and in the airways, and their oxidative activities using in vitro assays, can be an estimate of immune cell-derived ROS generation. OSA is associated with increased inflammation; thus immune cells may be a source of ROS in OSA [7] .
In 1995, Muns et al. [34] examined the numbers of neutrophils and oxidative burst of granulocytes recovered from nasal lavage of 24 OSA patients compared with controls. These studies measured the conversion rate of radiolabeled dihydrorhodamine elicited by treatment of neutrophils with Escherichia coli. Their results detected no difference in numbers of neutrophils or in the oxidative burst between OSA patients and control subjects.
In contrast, a study examining systemic inflammatory responses by Schulz et al. [35] reported that, compared with controls, patients with OSA had markedly enhanced release of superoxide from stimulated polymorphonuclear neutrophils (PMNs) as measured by superoxide dismutase-inhibitable reduction of cytochrome c. In their study of 18 OSA patients, PMNs were stimulated with the bacterial tripeptide formyl-methionylleucyl-phenylalanine as well as with a calcium ionophore. Both of these stimulants produced more superoxide in PMNs from OSA patients. CPAP therapy resulted in decreased superoxide release in response to these agents.
Dyugovskaya et al. [36] examined the expression of adhesion molecules on the monocytes as another indication of the activation of systemic inflammation in OSA. Using 18 moderate to severe OSA patients and 26 healthy controls, these studies found that OSA was associated with increased expression of adhesion molecules CD15 and CD11c and increased adherence of monocytes in culture to human endothelial cells. Examination of the activation state of the immune cells showed increased intracellular ROS production in some monocyte and granulocyte subpopulations and upregulation of CD15 expression due to hypoxia in vitro. Flow cytometric analysis using dihydroethidium showed that ROS production with phorbol ester stimulation of CD11c+ and CD64+ monocytes and granulocytes was higher in OSA patients. Moreover, ROS production in nonprimed CD11c+ monocytes was also higher in OSA patients. Nasal CPAP (nCPAP) treatment downregulated CD15 and CD11c expression and decreased basal ROS production in CD11c+ monocytes. These results indicate that CPAP treatment is effective in reducing systemic inflammatory responses including those associated with ROS generation.
Evidence for altered nitric oxide production in OSA patients
Nitric oxide is an endothelium-derived vasorelaxing factor for both systemic and pulmonary vasculature (reviewed in [37] ). Besides its generation in endothelial cells, nitric oxide can also be generated by various other tissues via the actions of nitric oxide synthetases (NOS). Studies indicate that a primary mechanism of nitric oxide actions is the inhibition of smooth muscle cell contraction through its effect on guanylate cyclase and the activation of protein kinase G, thus inducing vasorelaxation and attenuating the degrees of hypertension [38] . Nitric oxide also suppresses the smooth muscle proliferation and induces apoptosis of these cells, providing beneficial effects on vascular remodeling [39] . Thus, long-term complications of OSA including systemic hypertension, pulmonary hypertension, myocardial infarction, and stroke might be influenced by dysregulated nitric oxide [40] . Experiments by Kato et al. [41] showed that patients with OSA had a blunted vasodilation in response to acetylcholine, but not in response to sodium nitroprusside or verapamil, indicating that OSA patients have impaired resistance-vessel endothelium-dependent vasodilation, but the smooth muscle cell response itself is normal. Providing that there is an increase in oxidative stress in OSA patients as described above, it is expected that these patients might have lower nitric oxide levels as
can quench nitric oxide [42] .
Human studies have been performed to assess the levels of nitric oxide and its metabolites in OSA patients. Earlier studies by Olopade et al. [43] monitored nitric oxide by using a chemiluminescence analyzer. This study showed that OSA patients (n = 20), but not control subjects, had significantly higher exhaled nasal nitric oxide levels (39.7 ± 3.8 ppb vs 28.4 ± 2.9 ppb) after sleep compared to before sleep, while exhaled oral nitric oxide levels increased in both groups. Basal exhaled nitric oxide levels were not different between OSA and control groups. Agusti et al. [44] measured basal exhaled nitric oxide in 24 OSA patients and 7 controls and found that exhaled nitric oxide levels were not significantly different between the two groups. These results indicate that apneic episodes in OSA patients might promote nasal inflammation and the production of nitric oxide.
Studies on circulating levels of nitric oxide demonstrated that nitric oxide is lower in OSA patients. Ip et al. [45] reported that serum nitrite/nitrate levels were lower in OSA subjects (38.9 ± 22.9 μM; n = 30), compared to controls (63.1 ± 47.5 μM; n = 40). nCPAP significantly increased the serum nitrite/nitrate levels (30.5 ± 14.4 μM without nCPAP vs 81.0 ± 82.1 μM with nCPAP). In 21 OSA patients, Schulz et al. [46] observed that blood levels of nitric oxide measured by chemiluminescence were significantly lower compared to control subjects. Two nights of CPAP treatment increased the nitric oxide levels. Lavie et al. [47] more recently reported that plasma nitric oxide levels measured hourly during sleep were found to be significantly lower in 8 OSA patients compared to 6 control subjects. Nine months treatment with nCPAP increased nitric oxide levels as well as the levels of L-arginine (precursor for nitric oxide) in OSA patients. In the studies by Teramoto et al. [48] , the serum level of nitric oxide production was monitored by measuring nitrite/nitrates levels in 24 patients with OSA and 24 controls. Nitric oxide levels were found to be lower in patients with OSA than in controls. They also found that administration of 1-2 L/min of oxygen during night increased the nitric oxide level.
Possible mechanisms of OSA-induced reduction of nitric oxide include: (1) superoxidemediated scavenging of nitric oxide, generating products such as peroxynitrite which can nitrosylate membrane proteins and oxidize lipids [49] ; (2) reduction of molecular oxygen, which serves as a cosubstrate for nitric oxide synthesis; (3) increased NOS inhibitors; and (4) suppression of endothelial NOS expression [50] . Two of these hypotheses have been directly addressed in studies of human OSA patients. Studies by Svatikova et al. [51] measured circulating nitrotyrosine, as an indicator of peroxynitrite formation via nitric oxide − O 2 − • interactions, in 10 severe OSA patients and 10 controls using liquid chromatography-tandem mass spectrometry. Results showed that nitrotyrosine levels were similar in control and OSA groups before or after sleep. The absence of alterations in nitrotyrosine formation suggests that peroxynitrite formation does not occur in OSA. An endogenous competitive inhibitor of NOS, asymetrical dimethylarginine (ADMA), has been shown to be increased in the plasma of OSA patients [52] , indicating the potential importance of NOS inhibition. Further work is needed to determine the mechanism of nitric oxide reduction in OSA patients.
Evidence for altered homocysteine levels in OSA patients
Homocysteine is a thiol-containing compound generated during the metabolism of methionine. In plasma, homocysteine is largely oxidized, existing as homocysteine thiolactone or homocystine. Moderate hyperhomocysteinemia (>14 μM) has been shown to be an independent risk factor for vascular disease [53] [54] [55] [56] . Plasma total homocysteine increases with age [57] and increased plasma homocysteine may be responsible for the development of cardiovascular diseases [58] . The mechanism of homocysteine actions has been postulated to involve the production of ROS [59, 60] . Further, homocysteine has been shown to influence oxidative stress responsive signal transduction pathways [61, 62] .
Because OSA is associated with increased risk for various cardiovascular diseases, Lavie et al. [63] measured plasma levels of homocysteine in control healthy subjects (n = 73), OSA patients without any cardiovascular disease (n = 127), OSA patients with hypertension (n = 61), OSA patients with ischemic heart disease (n = 49), and ischemic heart disease patients without OSA (n = 35). Results showed that the mean ± SD value for homocysteine levels from OSA patients with ischemic heart disease was 14.6 ± 6.8 μM, while that of control healthy subjects was 9.8 ± 3.5 μM (P < 0.0001). Homocysteine levels from OSA patients without ischemic heart disease and ischemic heart disease patients without OSA were 9.9 ± 3.0 and 11.8 ± 5.3 μM, respectively. Together these results suggest that increased homocysteine levels are associated with the occurrence of ischemic heart disease in OSA patients, but OSA alone does not appear to be an inducer of increased plasma homocysteine. More rigorous time course studies by Svatikova et al. [64] also showed that having OSA per se did not change homocysteine levels, and CPAP treatment was not effective in lowering homocysteine in patients with OSA [65] . In contrast, Jordan et al. [66] reported that 7 of 16 untreated OSA patients showed homocysteine levels > 11.7 μM, and that the level of homocysteine was effectively lowered by CPAP treatment. Thus, the role of homocysteine in OSA-induced cardiovascular complications is not yet clear, and further investigations are needed.
Oxidative stress in animal models of intermittent hypoxia
While the mechanisms of OSA-induced biologic changes are complex, it has been postulated that chronic intermittent hypoxia is a critical component. Experimental animal models can be useful as they give the opportunity to modulate biological systems to elucidate detailed mechanisms of pathophysiology, which cannot be performed in humans.
While information on the cardiac effects of intermittent hypoxia-produced ROS has recently started to emerge, results generated from rodent models of intermittent hypoxia for understanding the involvement of oxidative stress in neuronal damage and learning impairment should be helpful for future studies on the cardiovascular system. Row et al. [67] reported that intermittent hypoxia-induced lipid peroxidation and increased isoprostane concentrations in the brain accompanied impairment of spatial learning in rats. Further, learning deficits induced by intermittent hypoxia were attenuated by the antioxidant PNU-101033E. Xu et al. [68] used a mouse model of intermittent hypoxia and demonstrated cortical production of ROS and neuronal cell death. Chronic intermittent hypoxia increased the levels of protein oxidation, lipid peroxidation, and nucleic acid oxidation in mouse brain cortex. Oxidative stress-responsive transcription factors such as NF-κB, c-Fos, and c-Jun were activated in response to intermittent hypoxia. In transgenic mice overexpressing Cu, Zn-SOD, ROS production and neuronal cell apoptosis induced by intermittent hypoxia are attenuated. Similarly, Veasey et al. [69] found, in a mouse model of long-term intermittent hypoxia, oxidative injury in the wake-promoting regions of the basal forebrain and brainstem after a 2-week exposure to intermittent hypoxia as evident by elevated isoprostane, protein carbonyl, nitration, and induction of glutathione reductase and methionine sulfoxide reductase. These studies suggest a link among OSA, ROS generation, and alterations in neurological function.
ROS can also function as regulators of physiologic functions [70] . In response to intermittent hypoxia, ROS might contribute to changes in the carotid body function [71] . To support this hypothesis, a study by Peng et al. [72] demonstrated that chronic intermittent hypoxia induced prolonged augmentation of sensory discharge, called long-term facilitation, of the carotid body hypoxic sensory response; the potentiation of carotid body activity was prevented by a superoxide scavenger in rats. Chronic intermittent hypoxia inhibited complex I activity of the mitochondrial electron transport, suggesting that superoxide might be produced by the mitochondria in response to intermittent hypoxia. A second study of the hypoxic sensory response of the carotid bodies showed that long-term facilitation was induced by short durations of intermittent hypoxia (repeated episodes of 15 s hypoxia/5 min normoxia), but not by long durations of intermittent hypoxia (4 h of hypobaric hypoxia + 20 h of normoxia). Again, the augmentation was prevented by superoxide scavenger, indicating a role for ROS [73] . Similarly, long-term facilitation of breathing elicited by intermittent hypoxia is prevented by a superoxide scavenger [74] . Therefore, ROS, specifically, superoxide anion radicals, are produced from mitochondria in response to intermittent hypoxia and may serve as signaling molecules for neuronal responses.
In contrast to the observations that intermittent hypoxia produces ROS and induces oxidative stress, sleep deprivation alone does not have marked effects on ROS formation. In a rat model of sleep deprivation, Gopalakrishnan et al. [75] measured oxidant production, antioxidant enzyme activities, lipid peroxidation, and protein oxidation. No evidence of oxidative stress was found in brain, liver, and skeletal muscle. Thus, intermittent hypoxia, rather than sleep fragmentation, might play a major role in oxidative stress associated with human OSA.
In 2005, several studies were published to demonstrate the effects of intermittent hypoxia on the heart. Campen et al. [76] compared the effects of acute hypoxia (4 min of 10% O 2 ) and chronic intermittent hypoxia (60 s cycles, 12 h/day for 5 weeks) in mice and found that acute hypoxia induced pulmonary hypertension and increased the load to the right heart, while chronic intermittent hypoxia resulted in mild to moderate systemic and pulmonary hypertension, leading to left and right ventricular hypertrophy. While the reports of the effects of intermittent hypoxia on myocardial oxidative status are limited, Chen et al. [77] reported increased lipid peroxidation in left ventricles of rats subjected to chronic intermittent hypoxia. Oxidative stress induced by chronic intermittent hypoxia might be responsible for increased myocardial damage [78] . Results from our laboratory [79] demonstrated that chronic intermittent hypoxia increased ischemia-reperfusion-induced lipid peroxidation in mouse hearts (Fig. 1A) , indicating that myocardial oxidative stress can be enhanced by chronic intermittent hypoxia. This might be responsible for increased susceptibility to ischemia/ reperfusion-induced cardiac myocyte apoptosis in mice treated with chronic intermittent hypoxia (Fig. 1B) . These results from animal models suggest that chronic intermittent hypoxia can induce oxidative stress in the heart. Myocardial mechanisms of intermittent hypoxiainduced oxidative stress need further investigation. Available information on the brain should help in the design of experiments concerning the effects of intermittent hypoxia on the heart. Oxygen sensing, redox signaling, and heart failure Hypoxia results in various biologic events, which might lead to heart failure. For example, under chronic hypoxic conditions such as those that may occur in COPD patients, mean blood pressure of pulmonary circulation rises due to hypoxic vasoconstriction and pulmonary vascular narrowing. Increased pulmonary vascular resistance exerts pressure overload to the right ventricle, resulting in initial concentric hypertrophy followed by dilated cardiomyopathy. During hypoxic vasoconstriction, it is established that pulmonary artery smooth muscle directly serves as an O 2 -sensing organ and constricts the vessels.
Proposed molecular mechanisms of O 2 sensing include mitochondria theory [80] and NAD(P) H oxidase theory [81] . In both mitochondria and NAD(P)H oxidase models of the O 2 -sensing mechanism, ROS have been proposed to serve to signal the downstream effector molecules including K + channels which might be important for the acute changes in response to altered oxygen tension. More recently, hemoxygenase-2 has been shown to act as an oxygen sensor, which affects K + channels [82] . Hypoxia-inducible factor-1 (HIF-1) also plays important roles in more chronic changes in response to altered O 2 by regulating gene transcription via the activities of prolyl and asparaginyl hydroxylases [83] .
Mechanisms of O 2 sensing in carotid body, neuroepithelial body, and pulmonary artery have been well studied. While it is well-established that oxygen sensing which occurs in the carotid body plays a major role in the development of systemic hypertension that is associated with OSA and intermittent hypoxia [84] , it is not yet clear how O 2 might be sensed to exert other cardiovascular alterations, especially changes in the heart. The direct effects of chronic hypoxia on the heart have been studied in the context of understanding the differences between right and left ventricular hypertrophy. Sharma et al. [85] compared gene expression patterns between right and left ventricles from hypoxia-treated Wistar rats with pulmonary hypertension. They found that, while large changes in gene expression occur in the right ventricle that is subjected to pressure overload as well as hypoxia, altered expressions of genes such as myosin isoforms and pyruvate dehydrogenase kinase-4 were also detected in the left ventricle. Since this study only examined the expression of a selected 9 genes, it is likely that more genes are altered in the heart through hypoxic treatment without exerting pressure overload. Razeghi et al. [86] also reported isoform switches of myosin heavy chain and an increased expression of Nkx2.5 mRNA in left ventricles from hypoxia-treated rats, supporting the notion that the heart can directly sense changes in O 2 tension and modulate its gene expression. This is also supported in a study showing distinct biologic events occurring in right and left ventricular hypertrophy induced by chronic hypoxia and norepinephrine infusion [87] . Do cardiac myocytes have O 2 -sensing mechanisms that might influence the course of the development of cardiac hypertrophy and transition to heart failure? Schumacker and coworkers have shown that cardiac myocytes do sense low oxygen tension via activating the production of ROS from mitochondria [88] [89] [90] . Cataldi et al. [91] reported that protein kinase C alpha is involved in sensing intermittent hypoxia in the rat heart. Wright et al. [92] showed that prolyl hydroxylation is the oxygen-sensing mechanism in cardiac myocytes, which in turn regulates HIF-1, heme oxygenase-1, and GLUT1. While the role of NADPH oxidase in O 2 sensing in cardiac myocytes has not been reported, this enzyme has been shown to be expressed and play a role in the development of cardiac hypertrophy and in the transition to heart failure [93] [94] [95] [96] [97] [98] [99] [100] . The concept that the heart directly senses changes in oxygen tension has recently been supported by results from our laboratory that 20 min of intermittent hypoxia can elicit significant changes in gene expression and protein modifications in mouse hearts [101] .
It is not yet clear exactly what the differences might be between cardiac effects of chronic hypoxia and chronic exposures to repeated episodes of hypoxia/reoxygenation, which might occur in OSA patients. A recent study by Fan et al. [102] compared the effects of chronic hypoxic exposure (11% O 2 for 24 h/day) and chronic intermittent hypoxia (21% O 2 ,4 min; 11% O 2 , 4 min for 24 h/day) in neonatal mice. They found a robust right ventricular hypertrophy and cardiac enlargement in mice subjected to chronic hypoxia, but not in chronic intermittent hypoxia. cDNA microarray analyses indicated that the myocardial gene expression patterns are different between chronic hypoxia and chronic intermittent hypoxia, confirming the concept that the reoxygenation phase and, likely, the production of ROS play distinct roles in the cardiac alterations induced by intermittent hypoxia as well as in OSA.
Intermittent hypoxia, characterized by repeated episodes of hypoxia/reoxygenation cycles, likely produces ROS. Substantial evidence now points to the role of oxidant-mediated vascular smooth muscle signal transduction in the promotion of systemic hypertension [70, [103] [104] [105] [106] . Thus, although one proposed mechanism of OSA-mediated hypertension involves sensing of oxygen by the carotid body [84] and the subsequent activation of the renin-angiotensin II axis [107] , ROS produced by hypoxia/reoxygenation cycles might also play a role in the development of systemic hypertension by directly affecting smooth muscle. For example, superoxide can increase calcium signaling in vascular smooth muscle [108] and this ROS has been proposed as an endothelial-derived contracting factor [109] . Further, ROS has been shown to directly promote growth of vascular smooth muscle cells [110] . While the production of ROS during chronic hypoxia has been controversial [111] [112] [113] , evidence also suggests the roles of ROS in signaling pathways for the development of pulmonary hypertension [114] [115] [116] .It appears that OSA symptoms are heterogeneous in nature and the resultant consequences differ accordingly. For example, an early study by Bradley et al. [117] identified that 12% of OSA patients had right heart failure and these patients had a substantially lower awake arterial PO 2 , suggesting that sustained hypoxia activates signals to promote pulmonary hypertension and right ventricular heart failure. In contrast, the majority of the OSA patients do not have daytime hypoxemia, and nighttime intermittent hypoxia appears to elicit systemic hypertension. Fig. 2 depicts two possible mechanisms by which OSA syndrome might result in cardiac hypertrophy and failure through ROS.
Prospective
OSA affects a large number of the adult and pediatric population in the United States and other Western countries. Obesity is a major risk factor for the development of OSA, and the incidence of OSA is expected to increase as the obese population grows. Although CPAP and some forms of surgery can ameliorate some of the causes of upper airway obstruction during sleep, in some cases, apnea episodes are not completely eliminated or patients may choose not to pursue these treatments because of inconvenience or discomfort with CPAP. Moreover, many people, especially in the pediatric population, are unaware of having OSA. Since OSA can cause cardiovascular complications, understanding the mechanisms of OSA actions should help prevent and/or treat detrimental events that are associated with OSA.
One important mechanism by which OSA may cause these long-term pathological effects is intermittent hypoxia, which resembles the event of ischemia/reperfusion injury. Although earlier OSA patient studies failed to provide evidence for oxidative stress, more recent studies demonstrated increased lipid peroxidation and primed ROS generation by blood cells. It should be emphasized that the occurrence of oxidative stress in OSA syndrome is still a controversial subject since some recent studies still failed to demonstrate increased oxidation in OSA patients. Such inconsistencies might be in part due to techniques utilized to measure oxidative stress markers. Techniques used to measure lipid peroxidation so far have been rather crude, and more sophisticated methods should be utilized to accurately monitor lipid peroxidation as well as other forms of oxidative stress markers. Comprehensive studies on antioxidant and oxidative stress status using sensitive biomarker assessment [21, 22] should also provide insights to the changes in redox status in OSA patients. Should such measurements indeed demonstrate the occurrence of oxidative stress, whether such changes are due to intermittent hypoxia needs further investigation. Nevertheless, in some studies, CPAP was found to be effective in suppressing OSA-associated changes in redox status (Table 1) , providing evidence that apneic events might alter redox biology in OSA patients.
Animal studies of intermittent hypoxia showed evidence of oxidative stress in brain and more recently in the heart. Further examination of the effects of intermittent hypoxia on oxidative stress status in cardiovascular system such as in the heart and vascular endothelial cells should help determine whether the elimination of oxidative stress should be included to prevent and/ or treat OSA-induced cardiovascular complications. In addition to possibly causing oxidative damage, ROS also play important signaling roles for O 2 sensing as well as to promote vascular and cardiac hypertrophy. Such oxidant-signaling mechanisms may occur in OSA patients without having obvious changes in measurable oxidative stress status. Future studies may include intervention studies to determine the effects of antioxidants and other redox modulatory agents on OSA-associated complications. Effects of intermittent hypoxia on ischemia/reperfusion-induced myocardial lipid peroxidation and cardiac muscle cell apoptosis. C57BL/6 mice were subjected to intermittent hypoxia (2 min cycles of 6 and 21% O 2 ) for 8 h/day for 2 weeks (2w). After intermittent hypoxia, isolated hearts were subjected to 30 min ischemia followed by reperfusion. Schematics of the roles of ROS in OSA-mediated cardiac hypertrophy. 
